Although psilocybin has been trained in the rat as a discriminative stimulus, little is known of the pharmacological receptors essential for stimulus control. In the present investigation rats were trained with psilocybin and tests were then conducted employing a series of other hallucinogens and presumed antagonists. An intermediate degree of antagonism of psilocybin was observed following treatment with the 5-HT 2A receptor antagonist, M100907. In contrast, no significant antagonism was observed following treatment with the 5-HT 1A/7 receptor antagonist, WAY-100635, or the DA D 2 antagonist, remoxipride. Psilocybin generalized fully to DOM, LSD, psilocin, and, in the presence of WAY-100635, DMT while partial generalization was seen to 2C-T-7 and mescaline. LSD and MDMA partially generalized to psilocybin and these effects were completely blocked by M-100907; no generalization of PCP to psilocybin was seen. The present data suggest that psilocybin induces a compound stimulus in which activity at the 5-HT 2A receptor plays a prominent but incomplete role. In addition, psilocybin differs from closely related hallucinogens such as 5-MeO-DMT in that agonism at 5-HT 1A receptors appears to play no role in psilocybin-induced stimulus control.
Introduction
Archeological evidence suggests that hallucinogenic mushrooms have been in use for at least two millennia by the indigenous peoples of what are now Guatemala and Mexico. For example, a feature of Aztec civilization as encountered by Cortez in the 16th century was the use in religious ceremonies of mushrooms called teonanacatl (Schultes and Hofmann, 1980) . Despite numerous first person accounts of teonanacatl intoxication (e.g., Wasson and Wasson, 1957) , identification of its active principles awaited the cultivation of Psilocybe mexicana and the isolation of psilocybin and psilocin by Heim, Hofmann, and their colleagues Hofmann and Troxler, 1959) . Psilocybin [O-phosphoryl-4-hydroxy-N,N-dimethyltryptamine] is rapidly dephosphorylated in vivo to form Ndimethyltryptamine [psilocin] ; the latter is the presumed active principle (Horita, 1963; Horita and Weber, 1961) . In addition to anecdotal reports, a number of clinical studies were conducted during this period and detailed descriptions of the human experience were provided (Isbell, 1959; Hollister, 1961; Malitz et al., 1960; Rinkel et al., 1960) . There followed a long hiatus in human research which ended in the late 1990s with the work of Vollenweider et al. (1998) and Gouzoulis-Mayfrank et al. (1999) .
[For brief reviews of human studies, see Nichols (2004) and Griffiths et al. (2006) ] From a pharmacological perspective, perhaps the most significant advance since Hofmann's isolation of psilocybin was the report by Vollenweider et al. (1998) of the antagonism of the effects of psilocybin in human subjects by the serotonergic antagonist, ketanserin, and by the serotonergic/ dopaminergic antagonist, risperidone.
Dependent variables employed in the initial attempts to isolate active principles from P. mexicana Heim included general behavior in dogs and pupillary reaction time and piloerection in mice. The results were inconclusive; indeed, the very activity of cultivated mushrooms was called into question. The issue was settled by Hofmann's self-administration of P. mexicana Heim resulting in an unequivocal demonstration of a psychotomimetic effect (Hofmann, 1968) . Subsequent extraction of active principles culminating in the identification of psilocybin and psilocin employed human experimentation. Brimblecombe and Pinder (1975) would later write that psilocybin "demonstrates how difficult it is to obtain meaningful results in animals with a drug which produces effects chiefly on the psyche". However, with the demonstration that mescaline and lysergic acid diethylamide [LSD] can function as discriminative stimuli in the rat (Hirschhorn and Winter, 1971) , it was suggested that druginduced stimulus control in nonverbal species might permit preclinical identification of such agents as well as provide insight into their possible mechanisms of action (Winter, 1974) .
The first report of psilocybin-induced stimulus control was provided by Harris and Balster (1971) who observed, in two Sprague-Dawley rats, that stimulus control was "weak" relative to amphetamine and other psychoactive drugs. In addition, suggestive evidence was provided that psilocybin and LSD could not be distinguished by these rats. A similar conclusion was reached by Schechter and Rosecrans (1972) who employed a T-maze discrimination procedure. Subsequently it was reported that rats trained with psilocybin generalized fully to psilocin and to LSD but not to the phenethylamine [PEA] hallucinogen, mescaline (Koerner and Appel, 1982) . However, the last-named observation appears not to be symmetrical, in that rats trained with mescaline (Callahan and Appel, 1988; Appel and Callahan, 1989) or [−]-DOM (Silverman and Ho, 1980) , another PEA hallucinogen, generalize to psilocybin. In addition, psilocybin mimics LSD or quipazine in animals trained with the latter drugs (Appel et al., 1978; Jarbe, 1980; Callahan and Appel, 1988) while THC-trained rats do not generalize to psilocybin (Melges et al., 1970; Jarbe and Henriksson, 1974) .
The goal of the present investigation was to characterize stimulus control by psilocybin in the rat more fully in terms of its generalization to other hallucinogens as well as to identify possible pharmacological antagonists of the stimulus effects of psilocybin. Previous studies of stimulus control by indoleamine and phenethylamine hallucinogens in the rat have strongly suggested a prominent role for agonism at serotonergic receptors especially those of the 5-HT 1A , 5-HT 2A , and 5-HT 2C subtypes (Winter, 1978; Glennon, 1990; Fiorella et al., 1995a) as well as the possibility of dopaminergic influences (Marona-Lewicka et al., 2005) . For this reason, the interaction of selective antagonists at each of these receptors with psilocybin-induced stimulus control was examined. In an attempt to ascertain the symmetry of psilocybin generalizations, tests of generalization of the stimulus effects of LSD, phencyclidine [PCP] , and methylenedioxymethamphetamine [MDMA, Ecstasy] to those of psilocybin were conducted.
Methods

Animals
All studies were carried out in accordance with the Declaration of Helsinki and with the Guide for Care and Use of Laboratory animals as adopted and promulgated by the The general methods were as previously described . A non-resetting fixed ratio 10 (FR10) schedule of reinforcement was employed using the MED-PC version IV behavioral programming application. After learning to drink from the dipper, rats were trained to press first one and then the other of the two levers. The number of responses for each reinforcement was gradually increased from 1 to 10. During this time, the reinforced lever was alternated on a random basis. All subsequent training and testing sessions used a fixed ratio 10 (FR10) schedule of reinforcement. Discrimination training was then begun. Following the administration of drug, every tenth response on the drug-appropriate lever was reinforced. Similarly, responses on the vehicle-appropriate lever were reinforced on a FR10 schedule following the injection of vehicle. For half of the subjects, the left lever was designated as the drug-appropriate lever. During discrimination training, drug and vehicle were alternated on a daily basis. Drug-induced stimulus control was assumed to be present when, in five consecutive sessions, 83% or more of all responses prior to the delivery of the first reinforcer were on the appropriate lever, i.e., no more than 2 incorrect responses prior to completion of the FR10 on the correct lever. After stimulus control was established with the training agents, tests of generalization were conducted once per week in each animal so long as performance did not fall below the criterion level of 83% correct responding in any one of the previous three training sessions. Values were calculated independently for each animal and mean percentages for the group are presented in all figures. Half of the test sessions were conducted the day after saline training sessions with the remainder following drug training sessions. During test sessions, no responses were reinforced and the session was terminated after the emission of ten responses on either lever. The distribution of responses between the two levers was expressed as a percentage of total responses emitted on the drug-appropriate lever. Response rate was calculated for each session by dividing the total number of responses emitted on both levers by the elapsed time prior to 10 responses on either lever.
Complete generalization of a training drug to a test drug is said to be present when (a) a mean of 80% or more of all test responses occurs on the drug-appropriate lever; (b) there is no statistically significant difference between the response distributions of the training drug and the test drug; and (c) there is a statistically significant difference between the response distributions of the test drug and saline control sessions. An intermediate degree of generalization is defined as being present when response distributions after a test drug are between 20 and 80% drug-appropriate and are significantly different from both training conditions. Finally, when the response distribution after a test drug is not statistically significantly different from that in saline control sessions, an absence of generalization of the training drug to the test drug is assumed. Similar criteria are applied to the definitions of full, partial, and no antagonism. Thus, full antagonism is assumed to be present when (a) less than 20% of all test responses are on the training drugappropriate lever; (b) there is no significant difference between the response distributions in the test of antagonism and the saline control, and (c) there is a statistically significant difference between the response distributions of the test drug alone and in combination with the antagonist. Pretreatment times for antagonists are as follows. Ketanserin, pirenperone, M100907: 60 min; remoxipride: 40 min; SB-242084: 20 min. All antagonists were administered IP with the exception of WAY-100635 which was injected SC.
Data analysis
Drug discrimination data are expressed as percent drugappropriate responding, which is the number of responses emitted on the drug-appropriate lever as a percentage of the total number of responses emitted. Data for any subjects failing to emit 10 responses within the constraints of the 10-min test session were not considered in the calculation of the percent drug-appropriate responding but were included in the analysis of response rates.
Two-sample comparisons were by means of Student's t-test for paired values. In the event that the data failed tests of either normality or equal variance, the signed ranks test was employed. For multiple comparisons, data were submitted to repeated measures analysis of variance [ANOVA] with subsequent pair-wise comparisons using the Holm-Sidak method. In the event that the data failed tests of either normality or equal variance, Friedman repeated measures ANOVA on ranks was applied with subsequent pair-wise comparisons by the Tukey test. All differences were considered to be statistically significant if the probability of their having arisen by chance was b 0.05. All statistical analyses were conducted using SigmaStat 3.1 for WindowsÔ (Jandel Scientific Software, San Rafael, CA). Control data were repeated for each comparison and statistical analyses were applied using the appropriate control sessions. However, for purposes of clarity, mean values for control data are shown in all figures. Fig. 1 illustrates the effects on psilocybin-induced stimulus control of pirenperone, a 5-HT 2A/2C antagonist, M100907, an antagonist selective for the 5-HT 2A receptor, and WAY-100635, a selective antagonist at 5-HT 1A/7 receptors. The doses of pirenperone and M100907 selected for use have earlier been shown to fully antagonize stimulus control by LSD . Our criteria for intermediate antagonism were met for both doses of pirenperone and of M100907 [pirenperone 0.08 mg/kg: F(2,10) = 90.15; P b 0.001; 0.16 mg/kg: F(2,10) = 55.51; P b 0.001; M100907 0.1 mg/kg: F(2,11) = 45.28; P b 0.001; 0.2 mg/kg: F(2,11) = 39.55; P b 0.001]. In light of the absence of antagonism of the stimulus effects of psilocybin by any of the doses of WAY-100635 tested, it should be noted that the same doses have previously been shown to block completely the stimulus effects of the selective 5-HT 1A/7 agonist, DPAT (Reissig et al., 2005) . Furthermore, it is seen in Fig. 1 that, while DPAT does not significantly mimic psilocybin, responding is diminished at a dose of 0.1 mg/kg and completely suppressed at a dose of 0.2 mg/kg of DPAT. However, when the subjects were pretreated with a dose of WAY-100635 of 0.3 mg/kg, the rate suppressant effects of DPAT were substantially antagonized [paired t-tests: 0.1 mg/kg: P b 0.005; 0.2 mg/kg: P b 0.001]. Thus, the failure of WAY-100635 to antagonize psilocybin cannot be attributed to inadequate occupation of 5-HT 1A receptors by the antagonist. With respect to response rates, it should be noted as well that at both doses of pirenperone and M100907 and at the two higher doses of WAY-10035, response rates were significantly reduced compared with vehicle control rates. The influence which rate change per se may have had on diminishing psilocybinappropriate responding is unknown.
Drugs
Results
Tests of antagonism
The results of further exploration of possible antagonists of psilocybin are shown in Fig. 2 (Fiorella et al., 1995a) and that SB-242084 at a dose of 2.0 mg/kg blocks the stimulus effects of the non-selective 5-HT 2C agonist, meta- 
Tests of generalization of psilocybin to other hallucinogens
In Fig. 3 [diamonds] in rats trained with psilocybin [0.5 mg/kg] as a discriminative stimulus. The results for LSD and psilocin fulfill our criteria for complete generalization. In contrast, bufotenine produced effects not significantly different from saline controls. Although there was no significant difference between the percentage of psilocybin-appropriate responding between the training dose of psilocybin and DMT at a dose of 2.5 mg/kg, the results did not fully meet our criteria for complete generalization in that only 73% of responding was psilocybin-appropriate following DMT. An interesting interaction between antagonism of 5-HT 1A receptors by WAY-100635 and DMT is seen as well.
In the presence of WAY-100635, the degree of substitution by DMT for psilocybin was slightly higher [82% versus 73%; open hexagon] thus fulfilling our criteria for full generalization while the rate of responding was significantly increased [11 versus 4 responses per minute; signed ranks test: P b 0.004], and all subjects completed the tests. Also shown in Fig. 3 (Fiorella et al., 1995a,b,c; Glennon, 1990; Winter, 1978) . In addition, as was noted above, the serotonergic antagonist, ketanserin, blocks the psychotomimetic effects of psilocybin in human subjects (Vollenweider et al., 1998) and the data of Fig. 2 indicate a partial antagonism by ketanserin of stimulus control in rats. In contrast, the 5-HT 1A antagonist, WAY-100635, had no effects whatsoever on stimulus control by psilocybin [ Fig. 1 ]. Though long regarded as a selective 5-HT 1A antagonist, WAY-100635 has recently been shown to possess significant affinity for 5-HT 7 receptors (Bard et al., 1993) and as an agonist at dopamine D 4 receptors as well (Chemel et al., 2006) . These findings do not alter the conclusion drawn from Fig. 1 that there is no functionally significant, 5-HT 1A receptor-mediated element in stimulus control by psilocybin in the rat.
The results with WAY-100635 shown in Fig. 1 are of particular interest for at least two reasons. First we anticipated that psilocybin via its metabolite, psilocin, would have prominent actions at 5-HT 1A receptors. This hypothesis was based on previous work which indicated that stimulus control in the rat by the related indoleamine hallucinogen, 5-methoxy-N, N-dimethyltryptamine [MDMT] , is mediated by 5-HT 1A receptors Winter et al., 2000) . Second, Carter et al. (2005) observed in human subjects that psilocybininduced deficits in attentional performance are not antagonized by ketanserin and concluded that activity at 5-HT 1A receptors was thus responsible for this aspect of the actions of psilocybin. Binding data for psilocybin and psilocin are limited and not directly comparable (McKenna et al., 1990; Blair et al., 2000) but are compatible with actions of psilocybin mediated by 5-HT 1A , 5-HT 2A , 5-HT 2c receptors. We have previously provided evidence that actions at 5-HT 1A and 5-HT 2c receptors may modulate activity of hallucinogens at 5-HT 2A receptors (Fiorella et al., 1995a,b,c; Reissig et al., 2005) .
Of the three antagonists for which data are shown in Fig. 2 , only ketanserin met our criteria for intermediate antagonism. This is in contrast with the complete antagonism of the psychotomimetic effects of psilocybin reported by Vollenweider et al. (1998) . In addition, those authors argue for the primacy of effects mediated by 5-HT 2A receptors over those of 5-HT 2C receptors. The data of Fig. 2 do not disagree with that conclusion but it must be noted that Vollenweider et al. (1998) receptors, an effect of the latter receptor cannot be ruled out. On the other hand, the quite modest effects of the selective 5-HT 2C receptor antagonist, SB-242084, shown in Fig. 2 argue against a major 5-HT 2C receptor-mediated element in stimulus control by psilocybin. However, it should be noted that this conclusion is weakened by the unavailability of a selective agonist at 5-HT 2C receptors. Remoxipride, a dopamine D 2 receptor-selective antagonist (Mohell et al., 1993) , was tested on the basis of numerous suggestions that the hallucinogenic effects of LSD might arise in part via activity at dopamine receptors (Watts et al., 1995) . In addition, Marona-Lewicka et al. (2005) have recently provided evidence that stimulus control by LSD may be mediated by both dopaminergic and serotonergic effects. However, the data of Fig. 2 provide no support for the hypothesis that dopamine D 2 receptors mediate stimulus control by psilocybin. Furthermore, on the basis of the relative antagonism by ketanserin, risperidone, and haloperidol of the effects of psilocybin in human subjects, Vollenweider et al. (1998) concluded that dopamine D 2 receptor-mediated factors play at most a minor role.
The complete generalization of psilocybin to LSD and to psilocin shown in Fig. 3 was not unexpected in light of previous reports noted above (Harris and Balster, 1971; Schechter and Rosecrans, 1972; Koerner and Appel, 1982) . However it is noteworthy that M100907 fully antagonized the effects of LSD while only partially blocking psilocybin itself [ Fig. 1] . A plausible explanation of these differential effects of M100907 is that, while LSD mimics psilocybin via a 5-HT 2A -mediated mechanism, psilocybin induces a compound stimulus in which multiple elements are present. Unfortunately, the antagonism data of Figs. 1 and 2 do not fully identify what those elements might be. Relevant to this question are the data in Fig. 3 indicating a substantial substitution for psilocybin by the simple tryptamine hallucinogen, DMT, and the interactions of DMT with antagonists of at 5-HT 2A and 5-HT 1A receptors, respectively. Thus the combination of DMT and WAY-100635 increased psilocybin appropriate responding to greater than 80% and significantly increased the rate of responding. We have recently observed a similar interaction in psilocybin-trained rats between WAY-100635 and the closely related hallucinogen, N, N-dipropyltryptamine (Fantegrossi et al., 2005) . In contrast, M100907 had no effect on psilocybin-appropriate responding but decreased the number of animals completing the test sessions. The results with WAY-100635 suggest a rate suppressant effect of DMT which is mediated by 5-HT 1A receptors while the results with M100907 provide further evidence of a rate decreasing interaction between tryptamine hallucinogens and 5-HT 2 receptor antagonists (Winter and Rabin, 1988) . The failure of bufotenine to mimic psilocybin is in keeping with previous reports in rats in which bufotenine did not substitute for 5-MeO-DMT , for LSD (Helsley et al., 1998) , or for TVX Q 7821, a 5-HT 1A receptor agonist . The hallucinogenicity of bufotenine has been a matter of controversy for some time (Shulgin and Shulgin, 1997, pages 473-478; Torres and Repke, 2006) . Nonetheless, the absence of activity with respect to stimulus activity in the rat as exemplified in Fig. 3 is plausibly explained on the basis of low lipid solubility and an associated inability to cross the blood-brain barrier. While psilocin has a chloroform/water coefficient of 5.52, that of bufotenine is only 0.06 (Gessner et al., 1968) . In keeping with a primarily peripheral mechanism in the rat for bufotenine is the observation that the hypothermic effects of bufotenine are antagonized by xylamidine, a peripherally acting 5-HT antagonist (Winter, 1972) .
In reporting the full generalization of psilocybin to psilocin and LSD, Koerner and Appel (1982) noted an absence of generalization to mescaline [3,4,5-trimethoxy-phenylethylamine] . Those results, taken in light of the fact that the human experiences with psilocybin and mescaline share many features (Hollister, 1968) led the authors to conclude that the "failure of a known hallucinogen to transfer to another hallucinogen provides evidence of the inability of existing drug discrimination procedures to detect 'hallucinogenicity' in drugs". However, as is noted above, subsequent studies found that rats trained with mescaline (Callahan and Appel, 1988; Appel and Callahan, 1989) or [+/−]-DOM (Silverman and Ho, 1980) , generalize to psilocybin. These latter results, coupled with the data shown in Fig. 4 for the generalization of psilocybin to [−]-DOM, 2C-T-7, and mescaline, rather than arguing for a rejection of the rat drug-discrimination model of hallucinogenicity, suggest that the overlap between the discriminative stimulus effects of the phenethylamine hallucinogens and psilocybin is variable depending upon the structural details of specific drugs. For example, one may speculate based on the data of Fig. 4 that the presence of the alpha-methyl group present in [−]-DOM may account for its differential effects relative to the phenethylamines, 2C-T-7 and mescaline, in mimicking psilocybin. Also seen in Fig. 4 is complete antagonism by M100907 of psilocybin-appropriate responding following the administration of [−]-DOM, 2C-T-7, and mescaline. This stands in contrast with only partial antagonism by M100907 of stimulus control by psilocybin itself [ Fig. 1] . A plausible explanation of results such as those seen in Figs. 1 and 4 is provided by the hypothesis that a drug-induced stimulus may be comprised of multiple elements with the salience of each element being determined by training and testing conditions (Ator and Griffiths, 1989; Winter, 1984; Winter and Rabin, 1988; Winter et al., 2000) .
When psilocybin was tested in rats trained with LSD, MDMA, and PCP, respectively, the results were mixed. No generalization of PCP to any dose of psilocybin was observed whereas intermediate degrees of generalization of LSD [Fig. 5] and MDMA [ Fig. 6 ] to psilocybin were seen. The results in LSD trained rats are in general agreement with previous reports though these earlier studies observed complete generalization (Appel et al., 1978; Jarbe, 1980; Callahan and Appel, 1988 ) and attempts were not made to antagonize psilocybin. We are unaware of any previous tests of psilocybin in rats trained with either MDMA or PCP as discriminative stimuli. Although binding studies indicate that psilocybin has significant affinity for 5-HT 1A , 5-HT 2A , 5-HT 2c receptors (McKenna et al., 1990; Blair et al., 2000) , complete antagonism by M100907 of the intermediate effects of psilocybin in rats trained with LSD [ Fig. 5 ] and with MDMA [ Fig. 6 ] is compatible with a 5-HT 2A receptor-mediated mechanism for these partial generalizations. In contrast, it is seen in Fig. 6 that M100907 does not significantly antagonize the training dose of MDMA suggesting that whatever 5-HT 2 -mediated element might be present, it is not essential for MDMA-induced stimulus control. Previous studies have reported mixed results when various serotonergic antagonists have been employed in attempts to antagonize MDMA in rats trained with the drug (Baker et al., 1995; Glennon et al., 1992; Goodwin et al., 2003; Schechter, 1988; Young et al., 2005) .
In summary, the present data indicate that the stimulus properties of psilocybin in the rat are broadly compatible with those of other ergoline, indoleamine, and phenethylamine hallucinogens. However, significant differences are apparent as well. Thus, the full generalization of psilocybin to LSD [Fig. 3] and to DOM [ Fig. 4 ] is completed blocked by the selective 5-HT 2A receptor antagonist, M100907, but stimulus control by psilocybin is only partially antagonized by M100907 [ Fig. 1 ]. In addition, while it is known that a significant 5-HT1A receptor-mediated element is induced by 5-MeO-DMT Winter et al., 2000) , stimulus control by psilocybin is influenced not at all by the selective 5-HT 1A receptor antagonist, WAY-100635 [ Fig. 1 ].
